Abstract. This paper presents a study on improvement of the finite element model of corrugated cardboards. There is one shortcoming in modeling the stiffness of such cardboards in literature: neglect of the material non-linear effect of cardboards and cannot predict the peak load. A finite element method was applied to overcome this shortcoming -particularly by adopting an orthotropic material constitutive model.
Introduction
The corrugated cardboard is widely used in packaging industry because it is cost-effective, easy for recycling, and environment-friendly [1] . A typical corrugated cardboard is illustrated in Fig. 1 , which is made up of paper and has a sandwich structure, in particular consisting of a corrugated core (flute) and two liners [2] . There are several studies on modeling and prediction of the stiffness of corrugated cardboards under compressive loading in its thickness direction and several finite element models were proposed. Lu et al. [3] proposed a finite element model to predict the compressive behavior of the corrugated cardboard under a uniform flat compressive loading. They used the elasto-plastic material which was represented by a bi-linear constitutive model following the J2-flow theory [3] . They discovered that the result differs from the experimental result significantly with an error of about 30%. They concluded that the error is caused by the use of inaccurate non-linear constitutive relation for the material used. Krusper et al. [4] refined the Lu's model with a more accurate model. In their model, a linear elastic material property was however assumed. Their model predicted result and experimental result match until the peak load (displacement is 0.2 mm in this case) was reached. They found that the peak load was governed by the buckling principle [4] . However, the relation between the first peak of the load and displacement failed to be accurately predicted by their model, because the model did not consider the nonlinear material property.
The study in this paper developed an accurate finite element model by adopting an orthotropic material constitutive model to capturing the information of the peak load. The experiment was conducted to verify the model. The study was with no consideration of the humidity and the thermal effect on the cardboard from the environment.
Orthotropic material constitutive model
In this paper, an orthotropic material constitutive model was employed for the two liners and core of the corrugated cardboard. The orthotropic constitutive model consists of two parts: the linear elastic and the nonlinear plastic portions. The linear elastic portion is governed by orthotropic Hooke`s Law, while the plastic portion is governed by a quadratic Hill yield criterion.
Linear elastic material property. The linear elastic orthotropic constitutive model is represented by [5] 
Where , ,
ε ε ε is Strains in the x, y, z direction, , , 
Thus, there are nine unknown parameters to be determined, and they are: , , , , , ,
Generally, all these parameters have to be measured. However, it is impossible to measure some of the parameters due to the small dimension in the thickness direction of the liner and core. For the cardboard system as shown in Fig. 1 were set according to Nordstand [6] , which is 0.34, 0.01 and 0.01, respectively. A trial and error procedure was performed, in which different values of the material parameters were tested in order to get the results as close as possible to that of the experiments. Based on this trial and error procedure, the elastic material parameters used for the model are listed in Table 1 .
Nonlinear plastic material property. In this study, Quadratic Hill yield criterion in ANSYS was used, as the model was simplified by assuming there is no difference in yield strength in tension and compression. The yield criterion was used with the isotropic hardening option, which is given by Eq. (5) from [7] . 
where F, G, H, L, M and N are material constants that can be determined experimentally. They were defined by [7] 
In the above equations, the yield stress ratios xx R , yy R , zz R , xy R , yz R and xz R can be found by [7] σ is the yield stress in the x, y, z, xy, yz and xz direction. Further, the plastic slope of the material after yield point is given by
where x E is lastic modulus in the x direction and t E is tangent modulus after the yield point. In the above equations, we need to determine 0 , , , , σ σ σ σ , respectively, which are the yield stress in z, xy, yz and xz direction, respectively. According to [8] , R R R R were determined according to Eqn. (8) . A trial and error procedure was performed, in which different values of the material parameters were tested in order to get the results as close as possible to that of the experiment. Based on this trial and error procedure, the plastic material parameters are listed in Table 1 . 
Results and discussions
A typical finite element result for a C flute corrugated cardboard with length 30.4 mm and width 30.4 mm is shown in Fig.3 , where the horizontal axis is the prescribed displacement and the vertical axis is the force. Upon loading, the specimen responds linearly up to the first peak load (at 0.8 mm). After the peak load, a decrease of force can be observed from the Fig. 2 . 
Conclusions
This paper presented a study of the improvement of the finite element model of the corrugated cardboard. A improved finite element model of the corrugated cardboard with a nonlinear orthotropic material constitutive model was presented in ANSYS environment. In particular, the peak load of the corrugated cardboard can be predicted.
